To develop a more efficient and environmentally friendly exploitation and production method of gas hydrate, a better understanding of the formation and disassociation process mechanism of gas hydrate in porous media is indispensable. The permittivity spectra of gas hydrate differs from water, oil, ice and gas, and thus measurement of its permittivity properties is a potential approach to detect hydrate existence and content. In this study, THF (tetrahydrofuran) was used as the hydrate former. The permittivity dispersion of hydrate in quartz sand was measured with open-ended coaxial method in the processes of formation and disassociation at a wide radio frequency band from 1MHz to 3GHz. From the dielectric measurements, the hydrate concentration in the porous media was identified with dispersion properties, and the characteristic of the permittivity response upon the hydrate formation and dissociation were also provided. Moreover, by applying dielectric mixing models, the fractions of the solution and hydrate could be estimated. These results implied that the permittivity dispersion could be an effective monitor for the formation and disassociation of the hydrate, and hydrate content could be evaluated in real time with complex permittivity spectra.
I. INTRODUCTION
Clathrate hydrates are crystalline solid compounds consisting of hydrogen-bounded water molecules forming a lattice of polyhedral cages that trap gas molecules [1] , [2] . Methane hydrate is abundant in many locations such as sediments and permafrost regions [3] . It was reported that the disassociation of the gas hydrate in reservoir exploitation was caused by depressurization as well as a temperature increase, and hence the dissociation procedure of many kinds of hydrate crystals has been studied and modeled based on data with various experimental methods [4] - [10] . Mechanisms of the formation and dissociation of hydrate crystals in porous media are important to establish efficient techniques for natural gas hydrate exploitation from the sea bottom sediment and tundra in order to avoid geohazards [1] , [11] , [12] . On the other hand, to develop reliable technology for preventing internal hydrate-plug formation in stored and transported natural gas, The associate editor coordinating the review of this manuscript and approving it for publication was Abhishek K. Jha . it is meaningful to study the formation process of hydrate crystals [13] , [14] . For the formation of gas hydrates in emulsions gives rise to a change in the bulk permittivity, the dielectric spectroscopy obtained with open-end probe was found to be a potential technique for the detection of gas hydrates in emulsified systems [15] , [16] , e.g. to determine the thickness of the hydrate layer (THF and methane-ethane mixture as the hydrate former) deposited on pipeline walls [17] and to monitor hydrate formation in oil-dominated systems [18] . The influence of pressure on the mechanical and electromagnetic properties of gas hydrate was studied, and it was found that the permittivity is a good indicator of the hydrate phase transition [5] , [19] - [24] . The dielectric logging tool working at 1.1GHz was used in a hydrate reservoir of Alaska, and the dielectric logs provided similar trends as other logging method such as sonic and induction, with much finer vertical resolution. Practical logging results demonstrated the usefulness of dielectric logging tools for accurately quantifying in-situ gas hydrate saturation [25] , [26] . Permittivity spectra provide valuable information not obtainable from single-frequency measurements, however, to the best of our knowledge, there is still little study of the permittivity dispersion of the hydrate contained in porous media reported in the literature.
Open-ended coaxial probes have been used to study permittivity dispersion properties of hydrate deposits in Water/Oil emulsions and metal pipe [18] . By measuring a broad frequency range, the hydrate agglomeration and deposition can be detected by permittivity spectra [27] . While THF is a Structure II, not Structure I (like methane), hydrate-former, it offers important advantages for laboratory studies, e.g. stability under more obtainable pressure and temperature, and complete miscibility in water that guarantees good control on the amount of hydrate formed in sediment samples. For THF hydrate obtains analogical electrical and acoustic properties to methane hydrate, THF has been used as the hydrate former to research hydrate's physical properties and interaction with the porous media in many published studies [5] - [7] , [28] . In addition, laboratory dielectric spectroscopy measurements of liquids, semisolids and biological materials (e.g. muscles and tubers) in a wide microwave frequency range are presented in recent years, and new measurement methods for determination of complex permittivity have been developed [29] - [33] . Complex permittivity as function of many factors e.g. water content, temperature, salinity and pressure are tending to be studied in broader frequency ranges [34] , [35] . The open-ended coaxial probe is very attractive due to its applicability to nondestructive measurements of complex permittivity in a wide microwave frequency range, which can cover the dispersive frequencies of both hydrate and liquid solution simultaneously(1MHz-13.6GHz) [27] . However, concerning the existing studies on dielectric properties of gas hydrate [5] - [7] , there was still no research on formation and dissociation process of hydrate in porous media with dielectric spectroscopy.
In this study, permittivity properties of THF hydrate's formation and disassociation processes in both its pure state and quartz sand were studied using open-ended coaxial probes, and an evaluation method based on the permittivity dispersion of the hydrate fraction in porous media was studied. The results demonstrated that dispersion characteristics of complex permittivity spectra on broadband can indicate the existence of the THF hydrate and THF solution together. Furthermore, there are evident differences in the permittivity under 100MHz between the ice and hydrate [36] - [39] , which showed that the permittivity dispersion could be used as a potential technique in approaching in-situ hydrate saturation in tundra reservoirs. By applying proper mixing laws, fractions of each component can be precisely evaluated at any period of the experiments.
II. EXPERIMENTAL METHODOLOGY A. PERMITTIVITY DISPERSION
The permittivity spectrum measuring the dielectric constant and loss factor of materials is always dispersive in the frequency domain, and it is a complex value normally related to other physical properties [40] , defined as:
where ε * is the complex relative permittivity, and the real part ε and imaginary part ε refer to the dielectric constant and loss factor, respectively. When an alternating electromagnetic field is applied to the material, several polarization phenomena such as the Maxwell-Wagner effect, displacement of the electronic cloud of atoms, and orientation of polar molecules contribute to the dispersion of the permittivity. The dielectric constant can be interpreted as the net polarization of opposing the applied EM field, and the loss factor is related to the transformation of EM energy to joule heat and polarization loss. Typical complex permittivity spectra of the THF hydrate, ice, and liquid water from 1 kHz to 10 GHz are illustrated in Fig. 1 [41] , [42] . The permittivity spectroscopy of THF hydrates, ice, and liquid water can be numerically described as a Cole-Cole model [43] .
where ε(ω) is the dispersive complex permittivity, ε s and ε ∞ represent the dielectric constant at static and infinity frequency, respectively, ω is the radian frequency, α is an index parameter less than 1, τ is the relaxation time in sec, and σ is the conductivity As shown schematically in Fig 1, the prominent dispersion of liquid water's permittivity spectrum caused by the molecular polarization can be observed above 1GHz, while ice and clathrate hydrates are characterized by a wide region of the dielectric dispersion and absorption below 10MHz. For clathrate hydrates, the dispersion depends not only on the relaxation of water but also on the nature of the encaged guest molecules, and may considerably vary with guest molecules [37] , [42] , [44] . Thus, the hydrate has distinct dispersion characters from both the ice and liquid solution, and consequently, the hydrate formation and disassociation can be monitored by the permittivity spectrum measurement.
B. EXPERIMENT DESIGN
This research was conducted using an instrument as sketched in Fig 2. A plugged glass reactor containing porous media and the THF solution was placed in a program FIGURE 2. Schematics of the experimental equipment. The control accuracy of the thermotank was ±0.5 • C and the precision of the temperature recorder with the RTD was is ±0.15 • C. The glass reactor was sealed by a plug preventing volatilization of the solution. The slim-type dielectric probe and the conductor wire for the RTD pierced through the plug to penetrate into the media. controlled thermotank. To form or dissociate the hydrate, the reactor was cooled to −12 • C or warmed to room temperature with an automatic program control. A slimtype open-ended coaxial probe (from Keysight, outer conductor's diameter of 2.2mm, inner conductor's diameter of 0.53mm, insulation layer between the two conductor is Teflon) was connected to a VNA (Vector Network Analyzer from Keysight, model: 5061B) with a 50 Ohm phase-stable cable penetrating into the measured media inside the reactor, and the complex permittivity was acquired with N1500A software installed on the VNA. The measurements were obtained after a calibration by measuring three known reflection coefficients (25 • C deionized water, air and a short kit were selected as calibration standards). The dispersive permittivity was recorded every minute in a frequency range from 1MHz to 3GHz with the logarithmic coordinate among the whole experimental procession. A Pt100 resistance temperature detector (RTD) mounted in the reactor was used to monitor the temperature of the media and record the temperature variations in real-time.
The THF (>99.9%) and water were mixed at a mass ratio of 1: 4.25 as a hydrate former (σ = 0.05S/m) that did not remain after the hydrate was formed. Six experiments were carried out, and the porous matrix, initial/ target temperature, and solution fraction are summarized in Table 1 . Quartz sand with two particle sizes was prepared as the porous media in experiments 3-6, and the THF solution was supersaturated in order to guarantee that no gas was in the pore spaces. The pure THF hydrate formation and dissociation processes were conducted in experiment 1 and 2 without quartz sand, respectively.
The target temperature of the thermotank was set to −12 • C in experiments 1, 3, and 4. The motivation for this was to shorten the formation time and increase the conversion rate of the hydrate. During the cooling period, the temperature of the bathing atmosphere inside the tank was always 3-4 • C lower than mixture inside the reactor because of the heat capacity lag. These mixtures were cooled to a supercooling condition, and then hydrate nucleation was triggered by the colder dielectric probe (it acted as a heat conductor through the plug, so the temperature of the probe was between the temperature inside and outside the reactor). Formation started with the temperature suddenly jumping to 4.4 • C, and was kept for several hours until the temperature gradually dropped to a lower temperature [22] . The dissociation of the hydrates was triggered by setting the target temperature of the thermotank to room temperature in experiment 2, 5 and 6. Experiment 1 and 4 are terminated before reaching the target temperature because the temperature and permittivity indicated that the formation/ dissociation was completed.
III. RESULTS AND DISCUSSION
This section is divided into five parts. First, the dielectric properties of pure THF hydrate will be studied (experiments 1 and 2) in A. Then the effect of the porous media on the hydrate formation and dissociation (experiments 3-6) will be investigated in B and C. The dielectric constant and loss factor at some typical frequency points are illustrated as a function of time, and the effect of the temperature and permittivity on the formation and dissociation processes are concluded. Then, in part D, the volumetric fraction is estimated by the dielectric mixing law, and a fitted spectrum is presented and compared with experimental results. Based on the experimental results, the ambiguity and deviations will be analyzed in last part, E, and furthermore the peculiarity and advantages of permittivity measurements for the hydrate evaluation in the porous media will be stated.
A. DIELECTRIC PROPERTIES OF THE PURE THF HYDRATE
To better study the THF hydrate deposit in porous media, experiment 1 and 2 were conducted to measure the complex It can be observed from the contour maps that the characteristic dispersions of the THF solution and THF hydrate were located at a frequency range over 1GHz and below100MHz, respectively. The dispersion of the liquid solution is mainly due to the molecular polarization of water [46] . It makes the dielectric constant large among the whole spectrum, and the loss factor obtains a resonance peak with its center at dozens of GHz (see the range before the 107th min in experiment 1 and after the 250th min in experiment 2). Orientation of restrained water and THF molecules inside the clathrate hydrate contribute to the dispersion peak below 100MHz, so the spectrum's large amplitude below 100MHz could potentially act as the indicator of the hydrate's appearance (see the range after the 107th min in experiment 1 and before the 250th min in experiment 2). Similar spectroscopy properties e.g. dispersion frequencies and their temperature drift of THF hydrate and THF/water solution have been found in the results of formation experiments of pure THF hydrate layers [27] .
To evaluate the experimental process more clearly, the complex permittivity at some frequency points (2.5MHz, 3.5MHz, 10MHz, 300MHz, 1GHz and 3GHz are selected as typical frequencies) are presented with recorded temperature in Fig 4. According to the results of experiment 1, both the dielectric constant and loss factor sharply dropped above 20MHz at the 107th min, while a steep . Complex permittivity at 2.5MHz, 3.5MHz, 10MHz, 300MHz, 1GHz, and 3GHz and temperature as a function of time. The complex permittivity is plotted with dot dash lines and temperature with solid lines, and the legend that applies to the four subfigures is presented in (a). (a) the effect of the dielectric constant upon the formation process in experiment 1 (b) the effect of the loss factor upon the formation process in experiment 1 (c) the effect of the dielectric constant upon the dissociation process in experiment 2 (d) the effect of the loss factor upon the dissociation process in experiment 2. VOLUME 7, 2019 temperature rise was observed. For a frequency below 20MHz, peaks appeared with increasing amplitude as the frequency decreased both in the dielectric constant and loss factor. Because the formation of hydrate is exothermic, the temperature jump to 4.4 • C vertically at the 107th min indicates that the hydrate has formed in front of the probe's open-end. Compared with the flat and smooth spectrum during the hydrate formation, complex permittivity was observed drastically varying with time during the dissociation process in Considering temperature and complex permittivity synthetically, a stepped change was found at the onset of the formation, while during the dissociation process, the permittivity spectrum fluctuated in a narrow range and the temperature curve was smoother. We drew the conclusion that the dissociation process of the pure THF hydrate is critically slower than its formation, and thus the distribution of the solution and hydrate could be time-varying and more heterogeneous. In addition, as presented in Fig 4(c) and (d), the permittivity's amplitudes were abnormally higher than the THF hydrate's low frequency dispersion at 2.5MHz and 3.5MHz from the 0th min to the 300th min. Random noise was found around the lower limit of the frequency band in both experiment. Later, in the time range from the 400th min to the 570th min, the complex permittivity drastically fluctuated until the temperature broke through the 4.4 • C 'platform', which indicates the dissociation process finished. Moreover, it can be observed that both the dielectric constant and loss factor of the THF solution rose as the temperature declined before the 107th min during the formation (experiment 1) and after the 570th min during the dissociation (experiment 2). These phenomena may imply mechanisms of multiphase mixture or the measuring method itself, and will be discussed in the last part of this section.
To show the temperature dependence of hydrate's permittivity, the spectrum of the THF hydrate at 2.9 • C and −11.2 • C fitted with the Cole-Cole model are presented in Fig 5, meanwhile, complex permittivity of THF solution at 4.4 • C is taken as comparison. A steep sloop and a peak were observed in the dielectric constant and loss factor of THF hydrate in low frequency range, respectively, and the resonant frequency drifted to a lower band as the temperature decreased. For temperatures around 0 • C, the index parameter α of the Cole-Cole model corresponding to THF hydrate has a relatively small value 0.018 and conductivity σ = 0S/m (both insensitivity to temperature). Early measurement of the structure II hydrates suggested that there is approximately a negative correlation between (ε 0 -ε ∞ ) and temperature and the high frequency permittivity ε ∞ is relatively a statistical value [42] . According to the complex permittivity obtained within experiment 1 and 2, high frequency permittivity was fitted as ε ∞ = 7, and the proper static permittivity ε 0 as a function of absolute temperature T (in Kelvin) can be calculated as presented in equation (3) [42] . Referring to the study at lower temperature ranges [45] , the relationship between relaxation time τ and the absolute temperature T were concluded as equation (4).
The complex permittivity of the THF solution has analogous microwave resonant properties with liquid water and its amplitude depends on volumetric ratio of THF [46] , [47] . For THF solution, the Cole-Cole model was transformed to Debye type by setting α to 0. Parameters ε 0 , ε ∞ and τ fitted from the experimental data matches the results in the early study fundamentally [47] . Table 2 showed the fitted Cole-Cole parameters of the three pairs of complex permittivity in Fig 5. The fitting method in this section will be used in the calculation of component contents with mixing models in section D and E, and the fitted parameters are selected according to the recorded temperature (invariable para meters like α and σ will not be presented in the tables redundantly).
B. PERMITTIVITY DISPERSION UPON THF HYDRATE FORMATION IN POROUS MEDIA
In experiments 3 and 4, quartz sand with a diameter of 0.45mm-0.9mm and 0.18mm-0.28mm was selected as the porous matrix to study the THF hydrate formation process. Supersaturated THF solution with a 60% volumetric fraction was used as the hydrate former in these experiments. The complex permittivity measured during the formation process within the porous media is illustrated as contour maps in Figs 6 and 7 respectively. Similar to experiment 1, before the onset of the hydrate formation, the permittivity dispersion associated with the liquid THF-water solution was observed in the upper frequency range (especially apparent higher than 1GHz). By marking the abrupt change with dashed lines in the four contour maps, the characteristic of the liquid solution disappeared around the 80th min, which was earlier than in experiment 1. The most striking difference between Figs 6 and 7 appeared in the lower frequency range after the formation: in experiment 4, the slope of the permittivity was about 2 times steeper than that in experiment 3 below 100MHz. However, during the decreasing temperature period, the dispersion peak of the dielectric constant and loss factor drifted to a lower frequency in both experiment. A larger particle size weakens the dispersion peak, and it even seemed that the dispersion disappeared in Fig 6(a) . Therefore, from the contour maps, it can be concluded that the addition of porous media accelerates the onset of the formation. Moreover, particle size could influent the dielectric properties during and after the formation.
Four frequencies that were selected to show the permittivity and temperature as a function of time are illustrated in Figs 8 and 9. Accompanying the abrupt permittivity change around the 80th min, the formation process was initiated by a step change of temperature (red solid line) at the same time which was 30 minutes earlier than the process without quartz sand (see data of experiment 1 in Fig 4) . The dielectric constant and loss factor obtained at the four frequencies in experiments 3 and 4 before the hydrate appeared presented different changing trends. In Fig 8(a) , the dielectric constant decreased at 3.5MHz and 3GHz while it remained stable at 10MHz and 300MHz, however, it changed synchronously at all frequencies in Fig 9(a) ; The loss factor at 3.5MHz and 10MHz decreased with time, and increased at the two higher frequencies in Fig 8(b) and Fig 9(b) in this period. The gray shaded area indicates the phase equilibrium state which signifies the time interval from the onset of the formation to the point where no solution remained inside the reactor. As soon as the formation began, the dielectric constant and loss factor at 300MHz and 3GHz very quickly dropped to 7 and 0, respectively, and then remained steady to the end. The permittivity at 3.5MHz and 10MHz presented hydrate dispersion characteristic peaks which were analogous to experiment 1, while differences can be observed in their amplitude. In the gray shaded zone, the permittivity remained constant as the temperature stayed on the ''platform'' of phase equilibrium of the hydrate. In addition, in experiments 3 and 4, the time duration of the equilibrium state was fundamentally the same. As all the fluid converted to the hydrate, the permittivity at low frequencies dropped with the temperature. When the target temperature was achieved, all the parameters tended to be stable.
Because the detection depth of the open-ended probe is limited in several millimeters, evolution of the permittivity kept in step with the temperature measured adjacent to the probe end. With molecular polarization of water enhancement at lower temperatures, the permittivity of the THF solution increased at the higher frequency range, and at the same time, the water molecule's dispersion peak drifted to a lower frequency. Thus, changes of permittivity at 300MHz and 3GHz in Figs 8 and 9 , were mainly affected by the temperature sensitivity of liquid water's dispersion before the hydrate formation started.
To show how permittivity measurements with open-ended probes can be used to monitor the hydrate formation in porous media, 10MHz was used as an example. In experiment 3, the dielectric constant and loss factor jumped to about 13 and 10 at the 80th min (formation began). As the formation continued (gray shaded area), the dielectric constant and loss factor remained t unchanged until the formation was completed. Finally, along with the decrease temperature, these two factors kept gradually dropping to about 3 (200th -400th min). Contrastively with the permittivity at 10MHz of experiment 4, the dielectric constant was 23, 22, and 16, and the loss factor was 22, 21, and 19 at the 80th min, the 200th min and the 400th min, respectively. Based on the premise that the THF solution was e prepared with the same fraction, and temperature curves showed a fundamentally analogous evaluation trend in the two experiments, only the one curve of the permittivity obtained at 10MHz could indicate differences of the two formation processes. Also, more details such as particle size and regional deposits of hydrate can be revealed from the permittivity spectrum on broad band.
Moreover, after the hydrate formation had finished, a small temperature vibration was marked with a dashed circle at the 250th min in Fig 8 and the 270th min in Fig 9. There was no simultaneous change of permittivity, so this could not be attributed to hydrate agglomerating. Inevitably there is a little water evaporation during the experiment, and as the slight temperature spring-back is located below the freezing point, it is probably due to the condensation of water vapor which is also an exothermic process.
C. PERMITTIVITY DISPERSION UPON THE THF HYDRATE DISSOCIATION IN POROUS MEIDA
In this part, the complex permittivity upon the dissociation of the THF hydrate in porous media was measured in experiments 5 and 6, and presented in Table 1 . The solution proportions and porous media were the same as experiments 3 and 4, respectively. As shown in contour maps of Fig 10, with a quartz sand size of 0.45mm-0.9mm, the characteristic of the water solution dominated the permittivity spectrum after the 150th min, the dielectric constant became larger than 30 in the whole frequency range, and the loss factor rose over 1GHz. On the basis of the counter maps, it seems that the dissociation process lasted for merely 25mins in experiment 5 (between the vertical dashed lines and dotted line in Fig 10) , which is a bit shorter than the pure THF hydrate, and the onset of melting was about 125mins earlier (see the spectrum in Fig 3, the dissociation began at the 250th min and was completed at the 420th min of experiment 2). Experiment 6 was performed under the same temperature conditions, and the permittivity obtained with a quartz sand size of 0.18mm-0.28mm is shown in Fig 11. The dielectric constant began to rise at the 200th min (marked with a vertical dashed line) and the loss factor followed the same trend. The hydrate started melting at around the 200th min in experiment 6, which is much later than in experiment 5. However, it was a bit earlier than the pure THF hydrate melting process. Moreover, the loss factor presented in Fig 11(b) signified the dissociation process extremely clearly. The characteristic dispersion of the hydrate in the frequency range below 100MHz FIGURE 10. Evolution of the complex permittivity spectra as a function of time in experiment 5: (a) effect of the dielectric constant upon the THF hydrate dissociation process in quartz sand with a particle size of 0.45mm-0.9mm (b) effect of the loss factor upon the THF hydrate dissociation process in quartz sand with a particle size of 0.45mm-0.9mm.
FIGURE 11.
Evolution of the complex permittivity spectra as a function of time in experiment 6: (a) effect of the dielectric constant upon the THF hydrate dissociation process in quartz sand with a particle size of 0.18mm-0.28mm (b) effect of the loss factor upon the THF hydrate dissociation process in quartz sand with a particle size of 0.18mm-0.28mm. gradually drifted to a higher frequency until the 270th min (marked with a vertical solid line), and then it returned to the initial level of the experiment. A slope emerged near to the upper frequency limit after the 240th min, and the strongest amplitude was observed around the 380th min (marked with a vertical dotted line), and coincidently the low frequency ''peak'' had its lowest trough and then slightly rose after the 380th min until the end of the experiment.
Taking the temperature into consideration, ''peaks'' that reemerged after the 150th min and the 380th min in Fig 10(b) and Fig 11(b) were not induced by the polarization of water or THF molecules inside the hydrate. This is because there was no obvious increase in the dielectric constant, and the temperature (see Fig 12 and 13) was higher than the phase equilibrium point after this time. We drew w the conclusion that no THF hydrate remained inside the reactor after the 150th min in experiment 5 and the 380th min in experiment 6. In addition, particle size made the dispersion properties different during the whole experiment. The corresponding evolution of the permittivity at typical frequencies is illustrated with temperature in Figs 12 and 13 .
In order to prepare the dissociation experiments, the thermotank was cooled to −12 • C to make sure all the solution was completely consumed. After several hours' temperature maintenance to prevent uncontrolled hydrate melting occurring, the target temperature was set to 18 • C, Quartz sand was selected with a particle size of 0.45mm-0.9mm. and the dissociation experiment began. During this procedure, a stepped temperature increase can be clearly observed in Figs 12 and 13 . Initially, the temperature rose to 4.4 • C at the 125th min and the 210th min in experiments 5 and 6, respectively, and then the temperature was held at 4.4 • C for about 145min and 160min, respectively, which was much shorter than the dissociation process of the pure THF (320min, see Fig 4 (c) and (d) ). Reviewing the result of experiment 2, the temperature broke through the 4.4 • C platform with a steep rising edge at 570min (marked with a dashed circle in Fig 4) , which was different from experiments 5 and 6 (the temperature more gently rose after the hydrate dissociation). Concerning the permittivity in Figs 12 and 13 , more details of the phase transformation during the hydrate dissociation surrounding the probes' open-end are illustrated more definitely. Rising slopes were observed in all dielectric constant curves within the phase equilibrium platform (125min-150min in Fig 12(a) and 240min-380min in Fig 13(a) ), while simultaneously the loss factor of 3.5MHz and 10MHz fell to the lowest value in the whole range at the end of the gray shaded zone in Figs 12(b) and 13(b); Moreover, there was an intersection point of the loss factor at 10MHz and 300MHz located around 145/320 min in experiments 5 and 6, which is marked with a dashed circle in Figs 12(b) and 13 (b) . The permittivity change coincided with the phase equilibrium temperature in experiment 6. On the contrary, another interesting feature in the permittivity/ temperature plot was e found in experiment 5 in which the permittivity slopes did not FIGURE 13. Complex permittivity at 3.5MHz, 10MHz, 300MHz, and 3GHz (dot dash line) and measured temperature (solid line) in experiment 6. Quartz sand was selected with a particle size of 0.18mm-0.28mm. match the temperature evaluation, and as presented in Fig 12, the duration time of the phase equilibrium temperature far exceeded the permittivity change period. This indicated the hydrate melting near the probe (excess part is marked as striped shaded area in Fig 12) . A similar discrepancy was also found in Fig 4, where the slopes of the permittivity occurred at the incipient stage of the phase equilibrium platform both for the pure THF hydrate and with 0.45-0.9mm quartz sand.
In this study, the permittivity information only represents the phase transition several millimeters around the probe's terminal, and hydrate melting speed detected in this small area may be significantly different from the rest of the space inside the reactor. Nevertheless, according to the equilibrium temperature duration, the total dissociation time in the two experiment was almost the same (145mins in experiment 5 and 160mins in experiment 6, only a 15mins difference).
As the striped shaded area shows in Fig 12, the permittivity at all four frequencies tended to be stable following the previous gray shaded area at the phase equilibrium temperature of about 4.4 • C.
D. QUANTITATIVE ESTIMATION OF THE HYDRATE PROPORTION
Estimation of the component content from the permittivity data can be robust when a proper mixing model is available [5] , [7] , [16] , [43] , [48] - [50] . In this study, CRIM (Complex Refractive Index Method) -a volume type mixing law that was feasible in previous researches on the hydrate fraction was selected to fit the measured permittivity [7] .
where ε * m is the whole mixture's complex permittivity, and ε * sand , ε * solution , and ε * hydrate are the complex permittivity of pure quartz sand, the THF solution, and the THF hydrate, respectively. Parameters A, B, and C are the volume fractions of pure quartz sand, the THF solution, and the THF hydrate, respectively [51] . Furthermore, under the assumption that the pore space within the matrix must be filled either with liquid or hydrate, the sum of A, B, and C should always be 100%. Quartz sand has a dielectric constant of 3.8 and a negligibly low loss factor both of which are insensitive to temperature and frequency [52] . The ε * solution and ε * hydrate can be calculated with the Cole-Cole model, and corresponding parameters as function of temperature were discussed above. In the following calculation, ε * solution and ε * hydrate were selected corresponding to temperatures from results of section 3.1. The permittivity at four time nodes are presented in Fig 14 for experiments 3 and 4 . Considering that the majority of the hydrate formation took a very short time as shown in section 3.2, only the complex permittivity before and after the complete hydrate formation are presented. As shown in Fig 14 (a) and (b) , the four spectra correspond to the complex permittivity at the 14th min (black dot dash line) and 46th min (red dot dash line) before hydrate formation, and the 228th min (blue dot dash line) and the 305th min (green dot dash line) after the hydrate formation of experiment 3, and the four measured spectra at the 13th min (black dot dash line) and the 45th min (red dot dash line) before the hydrate formation, and the 240th min (blue dot dash line) the 275th min (green dot dash line) after the hydrate formation of experiment 4. The measured curve became increasingly noisy with decreasing frequency, because of the sensitivity of the reflection index used for the permittivity reversion. Equation 5 was used for the hydrate fraction estimation, and the fitted permittivity is illustrated as a solid line in Fig 14. In the permittivity spectra obtained before the hydrate formation, two dielectric dispersions occurred. The dispersion over 1GHz was due to the molecular polarization of water, and the interfacial polarization resulted in the dispersion peak below 100MHz. After the hydrate formation, only the dielectric dispersion of the THF hydrate was observed. Furthermore, as revealed from Fig 14, the dispersion properties of both the liquid solution and hydrates varied with the temperature. The THF dispersion frequency drifted to a lower band as the temperature decreased (see the 228th and 305th min in Fig 14(a) and (b) , and the 240th and 275th min in Fig  14(c) and (d) ). The water dispersion also moved to a lower frequency, and a slight decline was observed in the dielectric constant as the temperature decreased before the hydrate formation (see the14th and 46th min in Fig 14(a) and (b) , and the 13th and 45th min in Fig 14(c) and (d) ). These variation tendencies quantitatively matched experimental results in previous studies, and the precise volumetric content can be determined with further calculation.
By assuming that the THF solution and the THF hydrate are dispersed in a continuous phase inside pores of the matrix (quartz sand of two particle sizes), the volumetric fraction of the THF hydrate, solution and quartz sand can be estimated using equation 5. Correspondingly, Table 3 presents the parameters A, B, and C, and the fitted data of the CRIM and Cole-Cole model were used to obtain the solid spectra in Fig 14. The Cole-Cole parameters depended on temperature, and extraordinarily, parameters of hydrate were calculated with equation 3 and 4 which were derived from the measured data. The estimated solution fractions before hydrate formation had a slight deviation from the average level -60% given in Table 1 , and this deviation was larger in experiment 3 than in experiment 4. Furthermore, a similar phenomenon was also observed after the hydrate formation in the two experiments. Additionally, parameter A slightly decreased after the formation process was completed, for instance, the estimated volumetric fraction of quartz sand changed from 38% at the 46th min to 37.1% at the 228th min in experiment 3.
Since the time duration of the hydrate melting process was much longer than the agglomeration, more details of component change were obtained with the fitting method mentioned above. To determine the phase transition during the dissociation process, the permittivity at six time nodes (two more extra time nodes during the dissociation process were added, the 141th and the 153th min in experiment 5 and the 309th and the 336th min in experiment 6) which are presented in Fig 15 with the corresponding temperatures. The fitted parameters are presented in Table 3 . Similar to the quantitative analysis on previous formation experiments, the volumetric fraction of each component was estimated from the measured complex permittivity with the CRIM model. At the beginning, the dispersion peak of the hydrate moved to a higher band as the temperature rose (see the 18th min and the56th min of experiment 5, and the 22th min and the 130th min of experiment 6), and it was reversed when the temperature fell after the hydrate formation in Fig 14. In Fig 15 (a) and (c), the light blue and brown solid spectra were fitted before the onset of hydrate dissociation, and the dielectric constant over 100MHz was nearly flat without any perceived polarization, and hence no liquid solution is assumed to spread around the probe at this stage. Afterwards, once the temperature reached the THF hydrate's phase equilibrium state, the solid hydrate began to gradually melt. The variation of the whole measured permittivity is illustrated in Figs 12 and 13 , as the temperature rose the dielectric constant increased over 100MHz, while at the same time, the amplitude of the THF hydrate's dispersion among the lower band was gradually reduced until it disappeared. Also, components fraction changes during hydrate melting were revealed by analyzing the fitted permittivity spectrum from a single measurement relying on special time nodes. It can be found in Fig 15 that the water's dispersion characteristic first began to emerge in the olive green solid spectrum over 1GHz, which was obtained during the initial stage of the dissociation process. Then as the hydrate melted, the dielectric constant continued to rise in the high frequency range. The orange solid spectrum was fitted from the data obtained at a later stage of the dissociation, and the water's dispersion became more conspicuous than in the olive green spectrum. The dark blue solid spectrum had the largest numerical value of the permittivity in the high frequency range and the most prominent dispersion of water corresponded to the state where no hydrate remained. The flat dielectric constant curves at a lower frequency and at temperatures higher than 4.4 • C indicated that no hydrate deposit remained inside the reactor.
More details on the experimental process were revealed from the fitted parameters of CRIM. As shown in Table 4 , a larger sand particle size caused s parameter A to be a bit smaller corresponding to same stages in the two experiments. Before the onset of the dissociation, the hydrate fraction slightly rose with increasing temperature in both experiments. For the phase equilibrium period, first, the estimated quartz sand fraction drastically declined (from 36.9% to 22% in experiment 5 and from 39.1% to 26.5% in experiment 6), and then slightly increased, while the hydrate stock continued to be reduced and the solution accumulated during the whole equilibrium period. After the dissociation was completed, parameter A recovered to the level before hydrate start melting, and was even a little larger than this level. As the results showed in the previous sections, the dissociation was a relatively time-consuming process with the temperature condition stable at 4.4 • C, so the components that changed during the dissociation process cannot be estimated by only with the recorded temperature.
As discussed above, by applying the Cole-Cole and CRIM models to the permittivity, an estimation of each component's proportion can be achieved. Although there was a small deviation below 100MHz, the fitted spectra were fundamentally consistent with the experimental data. Taking the recorded temperature into consideration, a detailed analysis was made on the evolution process of the apparent hydrate's formation and dissociation.
E. ANALYSIS AND DISCUSSION 1) ERROR ANALYSIS
From results in Table 3 and 4, it can be found that the discrepancy between the estimated fractions varied among the whole experimentation process, and the relative deviation of parameter A (calculated by taking the prepared volumetric fraction of quartz sand 40% as standard) is smaller than 7.75% except during the phase equilibrium period in experiment 5 and 6. Inhomogeneous distribution of the measured media likely results in the nonzero deviation of the estimated volumetric fractions. Moreover, the abnormally big discrepancy could be found in parameter A during the dissociation period in experiment 5 and 6 (e.g. relative deviation of parameter A at 141th min in experiment 5 reaches 45%), because the fluid stream generated by the hydrate melting disrupt the distribution of the fluid and solid seriously. Until no hydrate left, distribution tended to be more stable and homogeneous, and the volumetric fractions estimated with CRIM came back to the values around the standard level (e.g. the relative deviation of parameter A decreased to 0.25% at 504th min in experiment 6).
For all the measured data exhibited above, errors were found in the spectrum blow 10MHz, which was due to the increasing uncertainty around the lower frequency limit of the open-ended coaxial method [27] . The uncertainty at low frequencies is mainly attributed to the low sensitivity in the reflection coefficient for permittivity changes at the open-end of the probe. Also, in the frequency range below 100MHz, dispersive peaks with amplitudes that are bigger than the hydrates' were observed in the period before the onset of the formation or after the dissociation was completed. As these periods were all out of the platform of the phase equilibrium state, it can be affirmed that the dispersive peaks must be related to factors other than the hydrate's dispersion. The Maxwell-Wagner effect could be the most probable factor [53] , [54] . Although the prepared quartz sand was well elutriated, dissolved mineral ions could increase the conductivity of the solution. On the contrary, the Maxwell-Wagner effect occurs in heterogeneous systems, however no quartz sand was installed in experiments 1 and 2, so dispersion peaks caused by interfacial polarization were not found in Figs 3 and 4.
It must be clarified that in the contour maps of Fig 3 , the large amplitude below 2MHz may be due to systematic error and not the interfacial polarization. Moreover, from results in experiments 3-6 with two particle sizes, the characters of interfacial polarization varied with particle size. The experimental data and calculated spectra are presented together in Figs 14 and 15 , and the fitted results almost matched the practical curves over the whole band. However, in the same time period mentioned above, serious inconformity was still found between the fitted solid spectra and measured permittivity at the lower band, and in fact, as shown in Figs 14 and 15 , low frequency dispersion peaks obtained from experiments were far larger than the fitted ones. Considering the inherent inaccuracy of the open-end coaxial method around the lower frequency limit, it is assumed that there are another two factors causing these deviation: first, the scouring effect accompanying the hydrate dissociation process causes more ions to be dissolved, this discrepancy in Fig 15 is larger than in Fig 14. Second, the CRIM model is based on the weighted volumetric sum of each component's complex refractive index, so it cannot describe the interfacial dispersion caused by fundamental ion transport. To take the Maxwell-Wagner effect into account, Hanai's generalization of Bruggeman's equation [55] for two-phase mixture is used to fit the permittivity measured before the hydrate formation onset and after dissociation completed as control group (13th min in experiment 3 and 297th min in experiment 5). In this model, the volume fraction φ, of the dispersed phase is given as:
where ε * cont is the complex permittivity of the continuous phase, ε * disp is the complex permittivity of the dispersed phase, and ε * m is the effective complex permittivity of the mixture. As shown in Fig 16, when THF solution and quartz sand acted as continuous phase and dispersed phase respectively, curves fitted with Hanai's formula matched the experimental data much better than with CRIM in frequency range below 100MHz. Therefore, it can be assumed that the Maxwell-Wagner effect is the likely explanation to the dispersive peaks at lower frequencies without hydrate existence. Nevertheless, in consideration of the matching effect at the whole band, a big deviation was found between the fitted parameters of Hanai's formula in Fig 16 (volume fraction of THF solution is 75.5%, and volume fraction of quartz sand is 24.5% at both 13th min and 297th min) and the reference values given in Table 1 . As the interfacial polarization was not the emphasis of this study, more suitable fitting models on porous media containing hydrates will be studied and developed in our following work. 
2) THE ADVANTAGES OF THE PERMITTIVITY DISPERSION MEASUREMENT
Both the temperature and permittivity can be strict indicators of the hydrate formation and dissociation [1] , [7] , but these two parameters did not always synchronize in this study. The most conspicuous is that during the dissociation process of the pure THF hydrate and with quartz sand of 0.45mm-0.9mm, the increasing slope of the dielectric constant indicated the accumulation of the liquid solution at the initial segment of the ''phase-equilibrium platform'', and the same for time-varying curves of the loss factor. The stable state of the equilibrium temperature was verified to indicate that phase transformation was underway in the whole space of the vessel. In other word, the phase transformation continues until the equilibrium platform breaks up. In contrast, the detection range of the open-end coaxial probe, which was stated above, approximately equals the diameter of the coaxial line, and thus the complex permittivity in only several millimeters around the probe could be precisely recorded. As a result, the deposit information of the hydrate at a particular point inside the porous media can be revealed from the dispersion properties of the complex permittivity measured with the open-end coaxial method. Practically, considering the inhomogeneous media inside the reactor and gradient temperature on its boundary, it is possible that phase transformation process varies with position inside the reactor. Taking the results of Fig 12 as an example, the phase transformation among the permittivity measurement range was completed in the gray shaded area, and permittivity remained almost stable in the strip shaded area. As mentioned in 3.1, the permittivity of both the hydrate and the solution depends on temperature, and thus without phase transformation there would not be obvious changes in the permittivity unless the temperature changes. We can draw the conclusion that for an estimation of the hydrate in porous media at a particular point, the equilibrium temperature is necessary for phase transformation of the hydrate but it is not sufficient, while from previous analysis, the complex permittivity is definitely a coincidental indicator of the hydrate formation and dissociation.
IV. CONCLUSION
In order to develop a method to evaluate the hydrate content in porous media, the THF hydrate's formation and dissociation processes in quartz sand were monitored using permittivity measurements with the open-ended coaxial method. First, the permittivity of the pure THF hydrate was recorded as the control group, and the complex permittivity of the pure THF solution and the THF hydrate at different temperatures were tested with the Cole-Cole model and corresponding parameters varying with temperature were also calculated. Then the temperature and the complex permittivity were studied during the hydrate agglomeration and melting in quartz sand with different particle sizes. Compared with the temperature, more details were revealed both by analyzing how the permittivity varies as a function of time, and from a single permittivity spectrum at some specified time node. Results showed that the characteristic dispersion peak could be used to determine the accumulation of the hydrate, and a rising of the permittivity at low frequency indicated the formation of the hydrate, while decline at high frequency indicated a consumption of the solution liquid, and vice versa. Finally, by applying CRIM to fit the experimental data, the volumetric fraction of each component was quantitatively estimated. In conclusion, a method to monitor the existence of hydrate and evaluate its content in porous media is established with the measurement of permittivity dispersion in this study. Analysis of results presented here showed significant potential of the permittivity and its dispersion for evaluating of hydrate deposits in a porous matrix. To accurately estimate the proportion of each component in real time, further investigation still need to be carried out, and more appropriate mixing models will be established in the next research.
